Bloom's syndrome (BS), a rare genetic disease, arises through mutations in both alleles of the BLM gene which encodes a 3' ± 5' DNA helicase identi®ed as a member of the RecQ family. BS patients exhibit a high predisposition to development of all types of cancer aecting the general population and BLM-de®cient cells display a strong genetic instability. We recently showed that BLM protein expression is regulated during the cell cycle, accumulating to high levels in S phase, persisting in G2/ M and sharply declining in G1, suggesting a possible implication of BLM in a replication (S phase) and/or post-replication (G2 phase) process. Here we show that, in response to ionizing radiation, BLM-de®cient cells exhibit a normal p53 response as well as an intact G1/S cell cycle checkpoint, which indicates that ATM and p53 pathways are functional in BS cells. We also show that the BLM defect is associated with a partial escape of cells from the g-irradiation-induced G2/M cell cycle checkpoint. Finally, we present data demonstrating that, in response to ionizing radiation, BLM protein is phosphorylated and accumulates through an ATMdependent pathway. Altogether, our data indicate that BLM participates in the cellular response to ionizing radiation by acting as an ATM kinase downstream eector.
Introduction
The two main features associated with Bloom's syndrome (BS) are a predisposition to the development of all types of cancer aecting the general population and cytogenetic abnormalities including excessive chromosome breaks and sister chromatid exchanges (SCE) (reviewed in German, 1993 ). Bloom's syndrome arises through mutations in both alleles of the BLM gene, which is located on chromosome 15 at 15q26.1. Its encoded product, the BLM protein, belongs to the DExH box-containing RecQ helicase subfamily (Ellis et al., 1995) . Recombinant BLM displays an ATP-and Mg 2+ dependent 3' ± 5'-DNA helicase activity (Karow et al., 1997) . We have shown that BLM expression is regulated during the cell cycle, accumulating to high levels in S phase, persisting in G2/M and sharply declining in G1 . These results are in agreement with recent data showing that BLM promotes ATP-dependent branch migration of Hollyday junctions (Karow et al., 2000) , and participates in a supercomplex of BRCA1-associated proteins named BASC (BRCA1-Associated genome Surveillance Complex) (Wang et al., 2000a) . This complex also includes ATM and NBS1 proteins, defective in ataxia telangectasia (AT) and Nijmegen Breakage syndrome (NBS), respectively, as well as several other proteins known to be involved in replication and/or post-replication repair processes (Wang et al., 2000a) . Altogether, these data are consistent with a role of BLM in the cellular response to DNA damage. This is further supported by other studies indicating that BLM-de®cient cells present an abnormal response to genotoxic stresses, including ionizing radiation. Indeed, BS lymphocytes have been shown to be sensitive to ionizing radiation during the S and G2 phases of the cell cycle (Aurias et al., 1985) , and an altered p53 response to ionizing radiation was observed in BS cells (Collister et al., 1999) . These data prompted us to determine whether BLM protein is involved in the cellular response to ionizing radiation. In this study we show that, in response to ionizing radiation, BLM-de®cient cells display a p53 response similar to that of control cells, as well as an intact G1/S cell cycle checkpoint, and display a partial escape from the g-irradiation-induced G2/M cell cycle checkpoint. We also demonstrate that, following ionizing radiation, endogenous BLM protein is modi®ed by phosphorylation and accumulates through an ATM-dependent pathway. These results are discussed in light of their potential physiological signi®cance concerning the role of BLM in the cellular response to ionizing radiation.
Results

BLM protein is phosphorylated and accumulates in response to ionizing radiation
In order to determine whether BLM protein is involved in the cellular response to ionizing radiation, we ®rst analysed BLM protein expression by Western blot following g-irradiation exposure. Wild type EBVtransformed lymphoblastoid B cells, D1, were subjected to 10 Gy of ionizing radiation. Eight and 24 h after exposure, BLM protein expression was analysed by Western blot using the BLM speci®c antibody 1343.
As shown in Figure 1a , BLM from g-irradiated cells migrated more slowly than BLM from untreated cells on 5% SDS-polyacrylamide gel electrophoresis, indicating a radiation-induced post-translational modi®ca-tion of BLM. Furthermore, BLM accumulation was also observed following g-irradiation. The same results were obtained using the wild type EBV-transformed lymphoblastoid Priess cells (data not shown).
To determine whether the increase in the apparent molecular weight of the BLM protein following ionizing radiation could be due to speci®c phosphorylation, BLM protein was immunoprecipitated, using 1343 antibodies, from protein extracts prepared from either untreated or g-irradiated wild type cells (10 Gy, 2 h following exposure). BLM immunoprecipitates were treated or not with l protein phosphatase, an enzyme which removes phosphate groups bound to the amino acids serine, threonine or tyrosine (Zhuo et al., 1993) , and subjected to Western blot analysis using 1343 antibody. As shown in Figure 1b , when l phosphatase was added to BLM immunoprecipitates from unirradiated cells, the migration of BLM was not aected. However, l phosphatase treatment of BLM immunoprecipitated from g-irradiated cells resulted in the recovery of a band that migrated similarly to BLM in unirradiated cells. These results indicated that the BLM upshift observed in response to ionizing radiation was due to phosphorylation.
To con®rm BLM accumulation by normalizing the amounts of protein in the dierent cell extracts, we carried out the same experiment as above, but loaded the proteins extracts on 7.5% instead of 5% polyacrylamide gels in order to reprobe the membrane with an antibody speci®c for b-actin (Figure 1c , lower panel). As shown in Figure 1c (upper panel), we observed a marked accumulation of the BLM protein 8 and 24 h after ionizing radiation treatment. It should be noted that the BLM upshift was not detectable on 7.5% polyacrylamide gels.
The increase in BLM protein levels in response to ionizing radiation is independent of cell cycle distribution
We recently showed that BLM protein is very low in the G1 phase of the cell cycle, accumulates in the S phase, and persists in the G2/M phase . Our results showing that BLM accumulates in D1 cells 8 and 24 h after ionizing radiation, led us to check whether BLM accumulation could result from changes of cell cycle distribution in these cells in response to ionizing radiation. Thus, we analysed the cell cycle distribution in D1 cells 8 and 24 h after 10 Gy of ionizing radiation. As shown in Figure 2 , when compared to the untreated populations, no major changes in the cell cycle distribution were observed in wild type cells 8 h after irradiation, whereas 24 h after irradiation there was a signi®cant decrease in the G1 population and an increase in the G2/M population. These results indicate that the increase in BLM expression 8 h after ionizing radiation does not correlate with a signi®cant change in the cell cycle distribution, demonstrating that BLM protein levels speci®cally increase in response to ionizing radiation. wild type cells (10 Gy, 2 h) were immunoprecipitated using 1343 antibody. BLM immunoprecipitated from unirradiated D1 cells (lanes 1 and 2) or from g-irradiated D1 cells (lanes 3 and 4) was incubated in the absence (lanes 1 and 3) or the presence (lanes 2 and 4) of 1200 U of l phosphatase at 308C for 2 h. Controls (lanes 1 and 3) were incubated with equivalent amounts of l phosphatase buer without enzyme. All extracts were separated on 5% polyacrylamide gels. Blot membrane was probed with 1343 antibody. (c) Time course of BLM expression in response to ionizing radiation: wild type cells (D1) were subjected to 10 Gy of ionizing radiation. Cells were lysed 0, 2, 8 and 24 h following g-irradiation exposure and protein extracts were separated on 7.5% polyacrylamide gels. Blot membranes were probed with 1343 antibody (upper panel) and reprobed with anti-b-actin to ensure equal loading (lower panel) Figure 2 Kinetic of cell cycle progression after g-irradiation. D1 wild type cells were subjected to 10 Gy of ionizing radiation. Cells were ®xed 0, 8 and 24 h following g-irradiation exposure, then stained with propidium iodide and analysed for DNA content bȳ ow cytometry BLM-defective cells display a p53 expression similar to control cells and an intact G1/S checkpoint in response to ionizing radiation
The above results showing that the BLM protein is phosphorylated and accumulates in irradiated cells, indicate that BLM participates in the cellular response to ionizing radiation. These observations, together with data showing a delayed recovery of p53 protein levels in BLM-de®cient ®broblasts following ionizing radiation (Collister et al., 1999) , led us to hypothesize that BLM might be involved in the p53-dependent G1/S cell cycle checkpoint, which ensures that damaged DNA is not replicated (Dasika et al., 1999) . To test this hypothesis we analysed both p53 expression, and the cell cycle G1/S arrest in response to ionizing radiation, in two EBV-transformed lymphoblastoid BS cell lines. Thus, p53 protein expression was analysed by Western blot over a 16 h period following 10 Gy of girradiation, in BS cells (GM03403D, IPM1) and in wild type cells (D1). As shown in Figure To analyse the G1/S checkpoint in BLM-de®cient cells (GM03403D, IPM1), we measured DNA synthesis by labeling asynchronous cells, g-irradiated or not, with bromodeoxyuridine (BrdU) 2 h before sampling. BrdU incorporation and cellular DNA content were analysed simultaneously by¯ow cytometry. Wild type cells (D1) and p53-de®cient cells (Ramos) were included as controls, since the G1/S checkpoint is dependent upon the p53 protein (Dasika et al., 1999) . As shown in Figure 4a ,b, 83% of the p53 de®cient cells (Ramos) continued to synthesize DNA 24 h after 10 Gy of ionizing radiation and thus, as expected, showed a very small reduction (17%) in the percentage of BrdU-positive cells in irradiated cells relative to nonirradiated cells, associated with a strong reduction of the G1 phase following ionizing radiation ( Figure 4a ). In contrast, in both wild type cells (D1) and BLM-de®cient cells (GM03403D, IPM1), only 41 ± 44% of the cells continued to incorporate BrdU 24 h after 10 Gy of ionizing radiation (Figure 4a, b) , and thus showed a 59 to 56% decrease in S phase cells, whereas the percentage of cells in G1 remains more or less the same. In wild type and BLM-de®cient cells, the decrease in the number of BrdU-positive cells is due to cells arresting in either G1 or G2/M phases (cells that are already in S phase at the time of ionizing radiation continue to progress to G2/M, whereas cells in G1 do not continue to enter S phase). Thus, these results show that similar to wild type cells, BLMde®cient cells exhibit an intact cell cycle arrest at the G1/S boundary following ionizing radiation.
Altogether, these results show that, in contrast to the data reported for some BS ®broblasts (Collister et al., 1999) , the response of wild type and BS lymphoblast cells to 10 Gy of g-irradiation is quite similar for p53 accumulation, and that BLM-de®cient cells exhibit an intact G1/S checkpoint in response to ionizing radiation.
BLM defect is associated with a partial escape from the g-irradiation-induced G2/M cell cycle checkpoint
The G2/M cell cycle checkpoint prevents cells with damaged DNA from dividing and, like the G1/S checkpoint, is a crucial mechanism activated in response to DNA damage to prevent genomic instability and cancer (for review, Hartwell, 1992; Weinert and Lydall, 1993) , the two major features associated with Bloom's syndrome. To further investigate BLM function in the response to ionizing radiation, we tested whether the loss of BLM function aects the G2/M cell cycle checkpoint. Thus, BLMde®cient cells (GM03403D, IPM1) and wild type cells (D1) were subjected to 10 Gy of ionizing radiation, then labeled using an antibody speci®c for the mitotic phosphorylated form of histone H3, and the mitotic cells were scored by¯ow cytometry 30 min and 1 h post-irradiation (to analyse only mitotic cells derived from irradiated G2 cells). As shown in Figure 5a ,b, BS cells exhibited a slight but reproducible increase in the mitotic index compared to wild type cells. Indeed, we observed that in the g-irradiated wild type cell population, an average of 5.5 and 4.1% of cells were Figure 3 Analysis of p53 and p21 expression in wild type and BS lymphoblast cells in response to ionizing radiation. D1 wild type cells (a), IPM1 (b) and GM03403D (c) BS cells were subjected to 10 Gy of ionizing radiation. Cells were lysed 0, 2, 6 and 16 h after g-irradiation exposure and protein extracts were separated on 12% polyacrylamide gels. Blot membranes were probed with anti-p53 antibody (upper panels), reprobed with anti-p21 antibody (middle panels) and reprobed with anti-b-actin to ensure equal loading (lower panels) in mitosis 30 min and 1 h following g-irradiation, respectively, compared to nonirradiated cells. In BLM-de®cient cells, the g-irradiated IPM1 cell population had an average of 13.5 and 5% of cells in mitosis 30 min and 1 h following g-irradiation, respectively, compared to nonirradiated cells, and in g-irradiated GM03403D cells, the equivalent values were 15.4 and 10.7%, respectively. These results show that, 30 min following g-irradiation exposure, both BS cell lines had a mitotic index three times higher than wild type cells. However, BS IPM1 cells, which express a full-length mutated BLM protein (Barakat et al., 2000) and GM03403D cells which do not express any detectable BLM protein , behaved dierently 1 h following g-irradiation exposure: IPM1 cells presented a delayed G2/M cell cycle arrest since they reached wild type values 1 h following g-irradiation exposure, whereas BS GM03403D cells continued to exhibit a mitotic index 2.5 times greater than wild type cells (Figure 5a,b) . These results were reproduced in two independent experiments and indicate that the BLM defect is associated with a partial escape of cells from the g-irradiation-induced G2/M cell cycle checkpoint.
BLM protein is phosphorylated and accumulates through an ATM-dependent pathway in response to ionizing radiation
The above results indicate that BLM participates in the cellular response to ionizing radiation, but not through a major role in cell cycle checkpoints. To further characterize which pathway is involved, we attempted to identify the upstream eector controlling BLM phosphorylation and accumulation. The protein kinase ATM is essential for the cellular response to ionizing radiation (for review, Dasika et al., 1999) . ATM is activated by ionizing radiation and thus regulates through phosphorylation the activity of downstream eectors such as p53 (Banin et al., 1998; Canman et al., 1998) , BRCA1 (Cortez et al., 1999) and NBS1 (Lim et al., 2000; Gatei et al., 2000) . The BLM protein belongs to the BRCA1-associated protein complex, including ATM and NBS1 (Wang et al., 2000a) . To determine whether the BLM protein, like BRCA1 and NBS, is an ATM downstream eector, the wild type and AT EBVtransformed lymphoblastoid B cells, D1 and GM03189B respectively, were subjected to 10 or 50 Gy (data not shown) of ionizing radiation. One and 2 h post-exposure, BLM protein expression was analysed by Western blot using the BLM speci®c antibody 1343. As shown in Figure 6a (upper left panel), BLM from g-irradiated wild type cells was upshifted, as expected, indicating that it is phosphorylated. However, BLM from g-irradiated ATM-de®cient cells migrated like BLM from nonirradiated cells (Figure 6a , upper right panel), indicating that BLM is not phosphorylated in AT cells. The same results were obtained following 50 Gy of ionizing radiation (data not shown). Cortez et al. (1999) described an ATM-dependent phosphorylation of BRCA1 in response to ionizing radiation. To control ATM activation in these cells, the same membranes were reprobed with an antibody speci®c for BRCA1. As expected, BRCA1 from g-irradiated wild type cells migrated more slowly than BRCA1 from untreated cells, and migration of BRCA1 from g-irradiated AT cells was indistinguishable from that in untreated cells (Figure 6a, lower panels) .
These results indicate that BLM undergoes a radiation-induced post-translational modi®cation which depends on the presence of a functional ATM.
To determine whether BLM accumulation is also dependent on the presence of a functional ATM, ATM-de®cient cells were subjected to 10 Gy of ionizing radiation, and BLM expression was analysed 2, 8 and 24 h following g-radiation exposure, by Western blot using 1343 antibody (Figure 6b , upper panel). The same membrane was reprobed with anti-bactin antibody to normalize the amounts of protein in the dierent cell extracts (Figure 6b, lower panel) . As shown in Figure 6b , no BLM accumulation was observed in AT cells 8 h following g-irradiation. However, a slight BLM accumulation was observed 24 h after exposure, which can be explained by accumulation of AT cells in the G2/M phase of the cell cycle (data not shown). These results show that radiation-induced BLM accumulation is dependent, at least in part, on the presence of a functional ATM.
Discussion
Bloom's syndrome cells are characterized by marked genetic instability, indicating that the BLM protein probably plays a major role in the maintenance of genome integrity. Several genetic diseases including ataxia telangiectasia (Savitsky et al., 1995) , Nijmegen breakage syndrome (Carney et al., 1998) , inherited early-onset breast cancer (Futreal et al., 1994) and hereditary nonpolyposis colorectal cancer (Kinzler and Vogelstein, 1996) associate genetic instability and predisposition to development of cancers, as in Bloom's syndrome. It has recently been shown that the proteins involved in these diseases: ATM, NBS, BRCA1 and MSH6 and MLH1, respectively, interact with BLM in the BASC supercomplex of BRCA1-associated proteins (Wang et al., 2000a) . Most of these proteins are involved in the cellular response to DNA damage (Meyn et al., 1995; Jongmans et al., 1997; Gowen et al., 1998) .
In this study we ®rst demonstrated that the BLM protein is phosphorylated and accumulates in response to ionizing radiation, which indicates that BLM participates in the cellular response to ionizing radiation. Data showing a delayed recovery of p53 protein levels in two BS primary ®broblast cell lines (Collister et al., 1999) led us to check ®rst whether BLM involvement in the g-irradiation response occurs through the p53 pathway, and in particular via the p53-dependent G1/S checkpoint. We did not ®nd any abnormalities in p53 accumulation in BS lymphoblastoid cells in response to ionizing radiation, which is in agreement with Lu and Lane's data (1993) showing that nine out of 11 primary BS ®broblasts exhibited a normal p53 response following X-ray exposure. Nor did we observe any delay in the recovery of p53 levels, but rather a slight decrease 24 h following ionizing radiation compared to control cells (data not shown). We also showed that BLM-de®cient cells had an intact G1/S cell cycle checkpoint, suggesting that ATM and p53 pathways are functional in BS cells.
Interestingly, we found that BS cells displayed a slight but reproducible escape from the g-irradiationinduced G2/M cell cycle checkpoint, allowing more BS cells to enter mitosis compared to wild type cells and thereby increasing the risk of transmitting damaged chromosomes to daughter cells. This partial defect was more pronounced in BS cells lacking BLM expression (GM03403D; Dutertre et al., 2000) than in BS cells expressing a full-length mutated protein (IPM1; Barakat et al., 2000) , suggesting that BLM may participate in the G2/M checkpoint through interaction(s) with protein(s). BRCA1, which co-immunoprecipitates with BLM (Wang et al., 2000a) , is a good candidate for such an interaction since it has recently been shown that BRCA1 exon 11 isoform-de®cient cells exhibit a defective G2/M cell cycle checkpoint in response to ionizing radiation, suggesting a major role of BRCA1 in maintaining genetic stability, at least in part through the G2/M checkpoint (Xu et al., 1999) .
We also demonstrated that the g-irradiation-induced BLM phosphorylation in response to ionizing radiation requires a functional ATM gene. These results are consistent with recent data showing that BLM and ATM proteins co-immunoprecipitate (Wang et al., 2000a) , and thus suggesting that ATM might phosphorylate BLM. Furthermore, amino acid sequence analysis of the BLM protein revealed three phosphorylation consensus site motifs for ATM kinase ( Figure  6c ). Indeed, it has been shown that ATM has a strong preference for phosphorylating SQ/TQ motifs with hydrophobic amino acids at positions N-3 and N-1, although some exceptions (P/M/Y/G/F and S/A/D/E at N-3 and N-1, respectively) have been described (Kim et al., 1999) . Among the members of the supercomplex of BRCA1-associated proteins, ATM also phosphorylates BRCA1 (Cortez et al., 1999) and NBS1 (Gatei et al., 2000; Lim et al., 2000) in response to ionizing radiation. ATM-dependent BLM phosphorylation following ionizing radiation further supports a role of BLM in a replication and/or post replication repair process. It has recently been shown that BLM promotes an ATP-dependent branch migration of Hollyday junctions, suggesting that BLM may maintain genome stability, at least in part, through a reverse branch migration activity giving it an anti-recombinase function (Karow et al., 2000) . It has also been shown that a large fraction of SCE in BLM-de®cient cells depends on Rad54 function, and thus are formed via homologous recombination (Wang et al., 2000b) . Both groups proposed that the BLM defect would result in an accumulation of Hollyday junctions that cannot be destroyed by the reverse branch migration activity of BLM and whose resolution generates DNA doublestrand breaks (DSBs) that are repaired mainly by SCE (Karow et al., 2000; Wang et al., 2000b) . According to these data, it would have been tempting to postulate that BLM phosphorylation is important for its reverse branch migration activity. However, several lines of evidence argue against this hypothesis. First, in vitro +/+ (D1) and ATM 7/7 (GM03189B) cells were subjected to 10 Gy of g-irradiation. Cells were lysed 0, 1 and 2 h following girradiation exposure and protein extracts were separated on 5% polyacrylamide gels. Blot membranes were probed with 1343 antibody (upper panels) and reprobed with an antibody speci®c for BRCA1 (lower panels). (b) ATM 7/7 (GM03189B) cells were subjected to 10 Gy of g-irradiation. Cells were lysed 0, 2, 8 and 24 h following g-irradiation exposure and protein extracts were separated on 7.5% polyacrylamide gels. Blot membrane was probed with 1343 antibody (upper panel) and reprobed with an antibody speci®c for b-actin (lower panel). (c) Putative phosphorylation site motifs for ATM kinase on BLM protein experiments have shown that BLM interacts selectively with Hollyday junctions (Karow et al., 2000) , and these studies were carried out with a recombinant unphosphorylated BLM protein. Furthermore, if BLM phosphorylation was a necessary condition to eciently promote the reverse branch migration of Hollyday junctions, and because BLM phosphorylation requires a functional ATM protein, one would have expected an increased level of SCE in ATM-de®cient cells, which is not the case (Bartram et al., 1976; Galloway, 1977) . Finally, our experiments did not allow us to detect any phosphorylated form of BLM in untreated interphase cells, including S phase sorted cells (the present study and Dutertre et al., 2000) . For these reasons, we propose that ATM-dependent BLM phosphorylation is involved in another function. Ionizing radiation generates in part DNA DSBs that can be repaired through two major and distinct pathways: homologous recombination or non-homologous end joining (for review, Dasika et al., 1999) . The Rad50/MRE11/NBS1 complex is involved in both DNA DSB repair pathways (Dasika et al., 1999) , and also belongs to the supercomplex of BRCA1-associated proteins (Wang et al., 2000a) . Furthermore, BLM coimmunoprecipitates with NBS1 and Rad50 (Wang et al., 2000a) . Thus, BLM might play a role in DNA DSB repair through an ATM-dependent phosphorylation. This hypothesis is under investigation in our laboratory.
Our results showing that g-irradiation-induced BLM accumulation is also dependent, at least in part, on a functional ATM are reminiscent of g-irradiationinduced p53 accumulation following serine-15 phosphorylation by ATM (for review, Dasika et al., 1999) . It should be noted that g-irradiation-induced BLM phosphorylation was observed 1 h after ionizing radiation ( Figure 6a ) and was maintained for at least 24 h (Figure 1a) , whereas BLM accumulation was still not detectable 2 h post-irradiation (Figure 1c) . Thus, it is tempting to speculate that, in response to ionizing radiation, BLM phosphorylation induces BLM stabilization, since we did not observe 8 h following girradiation, accumulation of BLM in ATM-de®cient cells in which BLM is not phosphorylated (Figure 6b) . Future studies will help to address this question.
In conclusion, our results indicate that BLM participates in the cellular response to ionizing radiation by acting as a downstream eector of the ATM kinase, possibly through a role in the G2/M cell cycle checkpoint and DNA DSB repair.
Materials and methods
Cell lines and culture conditions
The EBV-transformed lymphoblastoid B cell line GM03403D derived from the BS patient 9 (EmSh) of the Bloom's syndrome registry, was obtained from the NIGMS Human Genetic Mutant Cell Repository (Camden, NJ, USA). The EBV-transformed lymphoblastoid B cell line IPM1 was derived from a Moroccan BS patient (Barakat et al., 2000) . The EBV-transformed lymphoblastoid B cell line GM03189B was derived from an AT patient and kindly provided by Dr Filippo Rosselli (Institut AndreÂ Lwo, Villejuif, France).
The EBV-transformed lymphoblastoid B cell lines D1 and Priess, derived from normal individuals, are considered as the wild type equivalent of the BLM-de®cient cells and were kindly provided by Dr FrancË oise Praz and Dr Joelle Wiels, respectively (Institut Gustave Roussy, Villejuif, France). The Ramos Burkitt Lymphoma was also kindly provided by Dr Joelle Wiels.
The EBV-transformed lymphoblastoid B cell lines and the Burkitt lymphoma cell line were cultured in RPMI 1640 medium (Life Technologies, Inc) containing 10% heatinactivated fetal calf serum (FCS).
Radiation treatment
Asynchronous cells were split 24 h prior to the experiment and seeded at a density of 3610 5 cells/ml. Cells were irradiated at room temperature with 10 or 50 Gy using a 137 Cs gamma source at a dose rate of 1.95 Gy/min. After irradiation, cells were grown at 378C for the indicated times. Nonirradiated cells were grown under identical conditions.
Immunoblot analysis
Cells were lysed in 25 mM Tris pH 7.5, 600 mM NaCl, 5 mM EDTA, 1 mM DTT, 0.1% Igepal Ca-630 (Sigma) and protease inhibitor cocktail (Roche) for 30 min on ice. Membrane debris was eliminated by centrifugation at 14 000 r.p.m. for 30 min. Protein concentrations were measured by the Coomassie protein assay according to the manufacturer's instructions (Pierce). Aliquots of 50 mg proteins were diluted in Laemmli buer, denaturated by heating for 5 min at 958C and electrophoresed in a 5% (BLM phosphorylation, BRCA1), 7.5% (BLM accumulation, bactin) or 12% (p53, p21 and b-actin) SDS-polyacrylamide gel. Protein fractions from the gel were electrophoretically transferred to PVDF membranes (Immobilon P, Millipore) in 25 mM Tris-HCl, pH 8.3, 192 mM glycine, 20% methanol and 0.1% SDS for 2 h at 800 mA. After 1 h saturation in PBS containing 5% dry non-fat milk and 0.5% Tween 20, the membranes were incubated for 1 h with primary antibody diluted in PBS containing 5% dry non-fat milk and 0.5% Tween 20. After four 15 min washes with PBS containing 0.5% Tween 20, the membranes were incubated for 45 min with a 1 : 10 000 dilution of peroxidase-conjugated goat antirabbit immunoglobulin G antiserum (Pierce) or with a 1 : 2000 dilution of peroxidase-conjugated goat anti-mouse immunoglobulin G antiserum (Zymed). Membranes were then washed four times with PBS containing 0.5% Tween 20, and the reaction was developed according to the manufacturer's speci®cations (ECL kit; Amersham). Membrane stripping was performed in 62.5 mM Tris pH 6.2 with 2% sodium dodecyl sulfate (SDS) and 100 mM b-mercaptoethanol for 30 min at 508C.
Antibodies
The rabbit antiserum 1343 was generated against the carboxy-terminal peptide of human BLM NH2-LGIMAPPK-PINRPFLKPSYAFS-COOH (amino acids 1396 ± 1417) and used at 1 : 5000 dilution . Monoclonal antibody Ab6 speci®c for p53 (Oncogene) was used at a ®nal concentration of 0.1 mg/ml, monoclonal antibody Ab-1 speci®c for BRCA1 (Oncogene) was used at a ®nal concentration of 2 mg/ml. Monoclonal antibody F-5 speci®c for p21 (Santa Cruz Biotechnology) was used at 1 : 250 dilution and polyclonal antibody A2066 against b-Actin (Sigma) was used at 1 : 200 dilution.
Phosphatase treatment
Cells were lysed by incubation in 50 mM Tris-HCl pH 8.0, 300 mM NaCl, 10 mM MgCl 2 , 1 mM EDTA, 0.5% Igepal Ca-630 (Sigma), and protease inhibitor cocktail (Roche), for 15 min at 48C. Membrane debris was eliminated by centrifugation at 14 000 r.p.m. for 15 min. Protein concentrations were measured by the Coomassie protein assay according to the manufacturer's instructions (Pierce). Immunoprecipitations were performed using 750 mg of lysate for each point. Protein extracts were incubated with 1343 antibody for 16 h on ice; 20 ml of protein A/G-Agarose beads (Santa Cruz) were then added and the incubation continued for another hour. Beads were recovered by low speed centrifugation, washed ®ve times in 0.7 ml of ice-cold wash buer (50 mM Tris-HCl pH 8.0, 150 mM NaCl, 1 mM EDTA, 0.25% Igepal Ca-630 and protease inhibitor cocktail), resuspended in phosphatase buer and then incubated for 2 h at 308C with 1200 U of lambda protein phosphatase in the presence of MnCl 2 , according to the manufacturer's instructions (Biolabs). Controls were incubated with an equivalent amount of buer without phosphatase. Dephosphorylation was stopped by adding an equal volume of Laemmli buer.
Flow cytometry analysis
For G1/S checkpoint analysis, cells exposed to ionizing radiation (10 Gy) or mock treated were pulse labeled with 10 mM BrdU (Sigma) for 2 h at the selected time after irradiation, harvested, washed twice with PBS and ®xed with 70% ethanol at 7208C for at least 30 min. BrdU incorporation was detected by monoclonal anti-BrdU antibody (Pharmingen) (1 h at room temperature) and subsequently by¯uorescein isothiocyanate (FITC)-conjugated goat anti-mouse antibody (Jackson) (30 min at room temperature). Cells were then washed and incubated for 30 min at 378C in PBS containing 100 mg/ml RNase A (Sigma) and 10 mg/ml propidium iodide (PI) (Sigma). DNA synthesis (FITC) and DNA content (PI) were analysed by FACScalibur (Becton Dickinson).
For G2/M checkpoint analysis, exponentially growing cells were mock treated or irradiated with 10 Gy of ionizing radiation and then returned to the incubator. Thirty minutes and 1 h after irradiation, 10 6 cells were ®xed with 85% methanol at 7208C for at least 30 min, and permeabilized in 0.5% Triton X-100 with PBS for 5 min. They were then incubated for 2 h at room temperature with a polyclonal antibody speci®c for the phosphorylated Ser 10 of the histone H3 (Euromedex), at a ®nal concentration of 5 mg/ml. This antibody labels mitotic cells with speci®cally increased intensity because all H3 molecules become phosphorylated at Ser 10 during mitosis, whereas few H3 molecules are phosphorylated in interphase (Gurley et al., 1978; SauveÂ et al., 1999) . Cells were then rinsed and incubated with an FITC-conjugated goat anti-rabbit antibody (Jackson) (45 min at room temperature), resuspended in PBS containing 100 mg/ ml RNase A and 10 mg/ml propidium iodide, and mitotic cells were scored (on a total of 10 000 cells) by two-color FACScalibur (Becton Dickinson) analysis, gating for phospho-Histone H3 positive cell populations.
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